A partial long-range order model for aqueous electrolyte solutions is proposed to avoid contradictions present in the Debye-Huckel theory. The partial long-range order increases with increasing salt con centration because, as the ions are closer together, the coulombic energy of interaction which generates a quasi-lattice increases. Furthermore, the order decreases with increasing temperature because the thermal energy increases relative to the coulombic attraction of the ions . The long-range order parameter L and a parameter v which results from fluctuations and other effects are obtained for LiCl , NaCI and KCI by comparing the theoretical configurational free energy to the electrical free energy obtained from the experimental activity coefficients. The specific interaction and the cluster integral models are discussed briefly at the end of this work.
INTRODUCTION
around a central cation J given by Activity coefficients of electrolytes are im zJ E K 2 eKaD a-Kr (J) portant to understand ionic interactions and, p (J) = 411 1 + Ka r (2) therefore, the properties of ocean and lake D J waters, interstitial waters and other solutions of geochemical interest.
Although activity coef where zJ is the valence of J, E is the electronic ficients can be measured, an insight into their charge, K is the reciprocal of the thickness of meaning provides a solid theoretical foundation the ion-atmosphere , aD is the Debye radius, f or the study of natural waters. and r(J) is the distance from J. One notes that Several approaches such as ion-pair models p(J) decreases monotonically from a maximum and specific interaction ones have been applied value at rJ = aD (the surface of J) to zero at to geochemical solutions and these approaches r = 0. This equation represents the ion-cloud have at times required the use of the extended of J. Debye-Huckel equation (1923) or of its sim It can be seen from the equations of Debye plified form and Huckel that the total potential (due to J AI°•s and to the ion cloud) also decreases mono log f+ = I + I°•5 (1) tonically with the distance from J. The ion cloud , however, must be fine-grained (FRANK and THOMPSON, 1959) , that is, there are many where f+ represents the mean activity coef ions within a distance 1/K from J. The potential ficient , A is the Debye constant and I represents should , therefore, oscillate with increasing r(j) the ionic strength .
instead of d ecreasing steadily throughout the W e will show that the Debye-Huckel theory cloud . is in consistent at intermediate ionic strength Another difficulty arises because the potenand will sugge st a model which avoids the con tial 0 (J) due to the effect of all the ions in tradiction present in their theory . In the future, solution upon a vol ume element dV situated at we plan to exte nd our model to mixed electro a distance r (j) from the central ion is not lyte solutions to seek an und of uniquely defined as a function of position . tions such as seawa . ¢i (J) is given by Huckel theory yields a net charge density p(
where De is the dielectric constant.
If we select two like ions, J-1 and J-2 suc cessively as the central ion but retain the volume element dV fixed, the potentials due to all ions in the solution, 0(j_1) and 0(j-2), at dV will be different as r(J .1 and r( J _ 2) are different. Thus, we see that 0(J is indeed not uniquely determined as a function of position in the solution. We will first examine the hypothetical case of perfect long-range order and later consider the real case of partial order for greater clarity. We should mention that FRANK and THOMPSON (1959) and BAHE (1972) considered the pos sibility of ionic short-range order.
We prefer long-range order because there is no a priori reason to expect the time-average environment of any ion of type i to be different from that of any other i ion and because, as we will demonstrate, a minimum free-energy can be found as a function of the long-range order parameter L with L > 0. It is only when the. minimum occurs at L = 0 (long-range random ness) that short-range order need be considered (KITTEL, 1959) . It may appear at first glance that long-range order does not make sense in a fluid that may be in motion.
One can reason around this problem as follows.
Water contains molecules in a hydrogen-bonded structure and, if these coherent domains when in flow last longer than the time required for the rearrangement of ions and are large enough so that the properties of their surfaces can be neglected, then a lattice theory can be used. This is the case because from the lattice theory one obtains the con figurational free energy A FL , enthalpy 0 HL , and entropy A SL and these are extensive pro perties which can be added for the coherent domains provided that the domain surfaces can be neglected.
It is easy to show that surfaces are negligible if the average domain sizes are roughly larger than 0.1 micron.
Then, long range order leads to E 0 FL ,d, summed over all the domains d, whichd is the same as the AFL which would result from long-range order in the whole solution. In the case of an hypothetical solution in which the ions are perfectly ordered, that is, they occupy the centers of equal cubes with cations and anions alternating in consecutive cubes (face-centered cubic lattice), we can ex press the configurational energy by
NA is Avogadro's number and m is the molality. The repulsion term of equation (6) can be neglected except for very high concentrations. As 
A EL is a configurational enthalpy but, by neglecting the electrostriction, it can be con sidered an electrical internal energy.
There is also a configurational entropy term A SL but, to save space, it will be entered when we discuss the partial order model.
PARTIAL LONG-RANGE ORDER MODEL
It would be surprising indeed if ions were perfectly ordered when in solution as the in teractions between cations and anions are much weaker in solution than in the crystal due to the large dielectric constant of water and to the greater interionic spacing. From the perfect order model, one obtains a 1/3 power concentra tion dependence of log f± (ROBINSON and STOKES, 1959; PYTKOWICZ et al., 1976) , where f± is the mean activity coefficients, which does not correspond to the observed concentration dependence. PYTKOWICZ et al. (1976) proposed a partial long-range order which increases with concentra tion and decreases with temperature.
The increase with concentration occurs because the energy of ionic interaction, which yields the quasi-lattice, increases as the ions become closer together.
The decrease with increasing tem perature results from the enhanced thermal motion.
In order to calculate the configurational free energy rigorously as a function of the degree of order, PYTKOwicz et al. employed the follow ing artifice.
Let w represent the fraction of wrong ions, that is, of cations in the anionic sub-lattice and vice versa. Let us set w = 0.25 to clarify our thoughts.
The time-average con figuration of what is in reality a flickering situa tion is shown in Fig. 1 . We obtain a perfectly ordered lattice in which to each cation we ascribe 25% anionic character and vice versa . The ion charge is now ± ze (1 2W) and , if we set (1 2w) = L, equation (9) becomes
L is a convenient long-range order parameter because w = 0.5 yields L = 0 (randomness) and w = 0 results in L = 1. L is expected to increase with increasing m due to the greater energy of interaction relative to kT and to decrease with increasing temperature.
The term v was intro duced in anticipation of what follows .
Let us consider the simple case of two fixed anions separated by a distance 2ro and a cation fluctuating around its central position , as is shown in Fig. 2 KITTEI (1959) and AFL is found to be, when ro is expressed in terms of m, BL Z2 Am p1/3L2V AFL= (1 + 0.001mM2)i 3 
where A Fexp is obtained from measured activity coefficients.
At this point, we have two choices which will be illustrated with reference to Most measurements, however, follow the path OAB. The path OA corresponds to adding 1 kg of pure water to the container so that the length AD is simply AFu, = 55.5pg,
The path AB yields a free energy correspond ing to the length BC AD which is 
Adding equations (17), (19), and (20) one obtains equation (16), that is, the total free energy of the solution if the states of the water and of the salt previous to bringing them to the container are not taken into consideration.
Note that mµ s contains the `ideal' energy of hydration, that is the energy of hydration for a hypothetical system containing m moles of salt which acts as if it were present at infinite dilution. Thus, the `ideal' binding of water of hydration does not affect the concentration of free water so that aW = 1. Equation (19) re presents the change in the ratio p w* /p w*° of the fugacities of water in the solution and in pure water due to the actual binding of the water of hydration and to the randomization of water molecules next to the hydrated ones when the solute is present at a finite concentra tion.
One has, therefore, the ideal free energy (22) Equation (22) represents the total non-ideal free energy, which can be shown to be given by (PYTKOWICZ et al., 1976) M O Fei) = 2 RT f In f+s dm (23) 0 and the important choice is whether to set 0 FL in equation (15) between ions and the waters of hydration of their counter-ions and that this interaction increases as the average interionic distance decreases. If this interaction energy is incorporated into the ionic lattice energy and the effect upon the free energy of the water is neglected then the use of A FL = 2 RT In f+s is justified.
If, on the other hand, we admit that ion ion and ion-water interactions are not strictly separable then it is best to establish a micro scopic model of A FL given by equation (23) . Then, the parameter v includes ion-water in teractions.
In our earlier work (PYTKOwicz et al., 1976) we used this latter approach and now we present a comparison of both methods. The results are presented for LiCI , and KCl at 25°C in Tables I through  3 . (24)
NaCI,
DISCUSSION
At present we cannot calculate v from first principles but use it as an adjustable parameter, a common feature of activity coefficient models . This happens because BAHE (1972) , PITZER (19 73), and DESNOYERS and CONWAY (1964) who treated ion-dielectric gradient interactions , hard core repulsions, and ion-cavity interactions re spectively justified their terms on theoretical Values of L, v, and AFL for Na Cl at 25°C
Equation (24) Equation ( Values of L, v, and AFL for K CZ at 25°C
Equation (24) Equation ( We do not wish to claim that our model is superior to other ones but rather that it is one which deserves careful consideration as we use the Boltzman law in a valid manner. Indeed, we do not need it at all for the calculation of v and L from experimental data and use it proper ly in the theory of v as referring to independent states (given by possible v, L pairs) which are members of a micro-canonical ensemble.
In examining  Tables  1 through  3 one ob serves that the degree of order L increases with the molality m as is expected due to the greater energy of interaction when the ions are closer together which is reflected in the increase of the absolute values of A FL. The parameter v decreases with m as is expected from the earlier discussion because r,,/TX should decrease towards unity with increasing m. The effect of replacing equation (25), which is exact as it contains no arbitrary separation of ion-ion and ion-water interactions, by the simpler equation (24) is slight upon L and v as can be seen from Tables 1 through 3 . This is as should be because the degree of order and the fluctuations given by ro /r. should not be sensitive to ion-water interactions.
The dif ference A FL obtained from the two equations results from the removal of 55.5 RT In f, from equation (24).
Of course, our model will lead to the correct activity coefficient of the salt because of the curve-fitting procedure used for the calculation of A FL but our purpose at this stage is ex planatory rather than predictive. We should point out that nothing in our model forces L to be between 0 and 1 and to tend to 1 as the concentration increases. The fact that this turns out to be the case when we fit the model to experimental data is an inde pendent test of the validity of our method.
